OBJECTIVE: Obesity, underweight, sarcopenia and excess accumulation of abdominal fat are associated with a risk of death and adverse health outcomes. Our aim was to determine whether body mass index (BMI) and body composition, assessed with dual-energy X-ray absorptiometry (DXA), are associated with radiation exposure among atomic bomb (A-bomb) survivors. DESIGN: This was a cross-sectional study conducted in the Adult Health Study of the Radiation Effects Research Foundation. SUBJECTS: We examined 2686 subjects (834 men and 1852 women), aged 48-89 years (0-40 years at A-bomb exposure), for BMI analysis. Among them, 550 men and 1179 women underwent DXA in 1994-1996 and were eligible for a body composition study. RESULTS: After being adjusted for age and other potential confounding factors, A-bomb radiation dose was associated significantly and negatively with BMI in both sexes (P ¼ 0.01 in men, P ¼ 0.03 in women) and appendicular lean mass (Po0.001 in men, P ¼ 0.05 in women). It was positively associated with trunk-to-limb fat ratio in women who were less than 15 years old at the time of exposure (P ¼ 0.03). CONCLUSIONS: This is the first study to report a significant dose response for BMI and body composition 50 years after A-bomb radiation exposure. We will need to conduct further studies to evaluate whether these alterations affect health status.
INTRODUCTION
Obesity, [1] [2] [3] [4] underweight, 2-4 sarcopenia, 5, 6 and excess accumulation of abdominal fat 6, 7 are associated with an increased risk of death and adverse health outcomes, including cardiovascular diseases and several cancers. Radiation exposure can affect body mass and body composition. Abnormally high body mass index (BMI) and low BMI are observed among adults who received radiation therapy for childhood cancer, with the risk varying with the radiation site. 8, 9 Young adults who were treated for acute lymphoblastic leukemia in childhood, especially those who received cranial radiation therapy, have increased body fat and decreased lean mass (LM) as measured by dual-energy X-ray absorptiometry (DXA) in young adulthood. 10, 11 Those studies, however, had a small number of subjects and did not estimate individual radiation doses.
The Radiation Effects Research Foundation (RERF) and its predecessor organization, the Atomic Bomb (A-bomb) Casualty Commission, have been conducting long-term follow-up studies of several A-bomb survivor cohorts, and individual radiation doses were estimated. Although few reports exist on the relationship between A-bomb radiation dose and body mass or body composition, we hypothesize that ionizing radiation may be associated with the alteration of both. To test the hypothesis, we conducted a cross-sectional study to examine (1) whether radiation exposure is associated with BMI, and (2) whether radiation-associated modification of body composition is observed among A-bomb survivors.
MATERIALS AND METHODS

Study population
The Adult Health Study (AHS), a sub-cohort of the Life Span Study, was established in 1958 and its clinical program has been examining the late effects of radiation exposure on A-bomb survivors through biennial health examinations ever since. A detailed description of the AHS programs is published elsewhere. 12 A total of 3421 AHS participants (1035 men and 2386 women) examined in Hiroshima during 1994-1996 were eligible for the present investigation. Of those, we excluded 210 who had potentially confounding conditions (polio, amputations, gangrene or stroke), 66 who were X90 years old, 276 whose radiation doses were unknown, because of lack of sufficient information for a dose estimate, 83 with renal insufficiency (defined as a serum creatinine level 42.0 mg dl À 1 ), and 100 for whom information about BMI and other risk factors was lacking (Figure 1 ), leaving 2686 subjects (834 men and 1852 women) for the BMI analysis. Among those, body composition information was available for 1729 (550 men and 1179 women), and they became the subjects for the body composition study (Figure 1 ). The study was based on RERF Research Protocols 3-89 and 7-10 and was approved by the RERF Human Investigation Committee. All participants provided informed consent.
Measurements and clinical evaluation
The AHS health examinations consisted of history-taking, a physical examination and laboratory tests. Trained nurses interviewed the participants and gave them a self-administered questionnaire on medical history, smoking and drinking status, menopause status and medication use. Standing height and body weight were measured with the participants wearing no socks or outer clothing. BMI was calculated as body weight in kilograms divided by the square of the standing height in meters. Blood samples were obtained and blood glucose was enzymatically determined. Serum creatinine was measured by the Jaffe method using an automatic analyzer (Hitachi 7050; Hitachi, Ltd., Tokyo, Japan). We treated diseases and conditions as adjusted factors when such conditions or treatments were thought to affect body composition. Diabetes was defined as a fasting glucose level X7.0 mmol l À 1 , a nonfasting glucose level X11.1 mmol l À 1 , or the use of a diabetes medication. 13 Ischemic heart disease and cancer diagnoses were based on a self-reported medical history or by satisfying conditions, such as a history of coronary intervention, surgery or chemotherapy. The examining physicians coded present and past diagnoses according to the International Classification of Diseases 9th revision (ischemic heart disease, 410-414; cancer, 140-208.9). 14 We did not treat skin and thyroid cancers as cancer cases.
Body composition
We used Hologic QDR-2000 densitometers for whole-body DXA scans and software version 7.10B (Hologic, Inc., Waltham, MA, USA), calibrating the machine daily with the manufacturer's phantom. 15 The program estimates fat mass, LM and bone mineral content for the body as a whole and for specific regions. 16 We assessed the composition of four regions-head, arms, legs and trunk-and calculated appendicular LM (ALM) as the sum of the LM of the legs and arms. We used ALM/height 2 (ALM/H 2 ) as an indicator of sarcopenia 17, 18 and calculated % ALM by dividing ALM by the whole-body mass. To evaluate body fat distribution, we calculated peripheral fat as the sum of the fat mass of the arms and legs. 19 We used the ratio of trunk (central) fat to limb (peripheral) fat as an indicator of central obesity. 20 
Radiation dosimetry
We used weighted absorbed colon doses that were estimated by dosimetry system 2002. 21 We corrected organ-specific dose estimates, expressed in gray (Gy), for dose uncertainty and assumed a dose of 4 Gy when the estimate exceeded that value. Doses were calculated as weighted sums of g-ray and neutron components in Gy, giving the neutron component a weight of 10. 22 
Statistical analysis
We compared the characteristics of subjects who were examined for body composition with those who were not using the chi-squared test for categorical variables and the Student's t-test or Mann-Whitney U-test for continuous variables. We conducted multivariate linear regression analyses to evaluate radiation effects on BMI, ALM/H 2 , trunk-to-limb fat mass ratio and % ALM, adjusting for attained age (age), age category at the time of the bombings (ATB) (o15 years old versus X15 years old), serum creatinine level, smoking status (current smoker, past smoker, never smoker, unknown), alcohol consumption (current drinker, past drinker, never drinker, unknown), menopausal status (yes, no, unknown), and binary indicators of diabetes, ischemic heart disease and cancers. We logtransformed BMI and ALM/H 2 to convert normal distributions. Because of sex differences in body composition, we analyzed men and women separately. Considering linear and quadratic terms of radiation and age, respectively, we investigated both linear and non-linear association of radiation and aging to body composition measurements. We used a stepwise method to select variables and conducted regression analyses by sex as well as by ATB category. We performed all analyses by R 2.14.0 (http://cran.r-project.org/). Table 1 shows the characteristics of the study subjects by sex and examination of body composition status. Women were generally older than men. More than 80% of men reported that they were current or former smokers and drinkers, whereas most of the women reported that they had never smoked and about 60% that they never drank. Men who had been evaluated for body composition were slightly younger (P ¼ 0.02) and had received lower radiation dose (P ¼ 0.01) than men who had not been evaluated. Women who had been evaluated for body composition had also received lower radiation doses than those who had not (Po0.01) and a higher frequency were menopausal (P ¼ 0.01). No significant differences in other factors were evident. Women had higher levels of trunk and appendicular (limb) fat mass, whereas men had higher levels of ALM.
RESULTS
Association of BMI with age and radiation dose Table 2 shows the association of BMI with age and radiation dose by multivariate analysis adjusted for various potential confounding factors. We observed a significant negative relationship between age and BMI in men. In women, BMI peaked at 56.7 years of age and then decreased.
BMI was significantly and inversely related to the radiation dose in both sexes. When we analyzed only the participants in the body composition study, we observed the same tendency of the BMI to decrease with the radiation dose in both sexes (data not shown).
To evaluate whether the dose response is different by age ATB, we stratified study subjects into two groups by age ATB: age ATB o15 years old (395men and 565 women) and X15 years old (439 men and 1287 women). We observed a significant negative relationship between radiation dose and BMI only in men who were o15 years old ATB (data not shown).
Association of body composition with age and radiation dose Table 3 shows the association of body composition with age and radiation dose by sex. ALM/H 2 tended to decrease with age, especially in men. Radiation dose was inversely associated with ALM/H 2 in all men (Po0.001) and all women (P ¼ 0.05). When we stratified study subjects into two groups by age ATB, a significant negative relationship between radiation dose and ALM/H 2 was observed only in men who were o15 years old ATB (Po0.001) ( Table 3 and Figure 2 ). Radiation dose was also inversely associated with % ALM in men who were o15 years old ATB (P ¼ 0.02) (data not shown). Trunk-to-limb fat ratio, a surrogate marker of central obesity, tended to increase with age among subjects who were o15 years old ATB and tended to decrease with age among subjects who were X15 years old ATB. Radiation dose was directly associated with trunk-to-limb fat ratio in women who were o15 years old ATB (P ¼ 0.03) ( Table 3 and Figure 3) .
DISCUSSION
In the present study, conducted 50 years after the atomic bombing of Hiroshima, we observed that A-bomb radiation exposure was associated with decreased BMI and modifications in body composition. The study subjects had been exposed at a wide range of ages (0-40 years old ATB), and the dose estimates were of high quality. Previous studies on the late anthropometric effects of A-bomb radiation showed significant decreases of standing height and weight with increasing dose among young A-bomb survivors, 23, 24 but we know of no published report on A-bomb radiation dose effects on BMI. One study on the prevalence of obesity (BMIX26.0 kg m À 2 ) in about 2000 Nagasaki survivors between 1990-1992 showed no significant radiation effect. 25 Several studies have examined the late effects of ionizing radiation delivered therapeutically to children with cancer, but most of those were small and investigated only excess weight and obesity. [10] [11] 26 In the Childhood Cancer Survivor Study, a largescale cohort study on the late effects of cancer in the US population, the effects on body mass varied with radiation site. Total body irradiation in women and abdominal radiation in men were associated with an elevated risk of underweight (BMIo18.5 kg m À 2 ), whereas cranial irradiation was associated with a decreased risk of underweight and an elevated risk of obesity (BMI X30 kg m -2 ). 8 Our new finding in the present study was that A-bomb radiation might lead to a decreased level of BMI.
We used DXA for our study because DXA results for fat mass and LM correlate well with those of computed tomography and magnetic resonance imaging. 27, 28 Several DXA studies of longterm childhood acute lymphocytic leukemia survivors report an association of therapeutic ionizing radiation with a higher level of body fat and a lower level of LM, especially among those who received cranial radiation therapy. [10] [11] 26 Among A-bomb survivors, two studies suggest an increased risk of fatty liver, which is a representative condition of visceral fat accumulation. 12, 25 Thus, the inverse association between radiation dose and LM in both sexes and its positive association with trunk-to-limb fat mass ratio in women o15 years old ATB found in this study are compatible with the results reported for A-bomb radiation and therapeutic radiation survivors.
Why A-bomb radiation was associated with decreased BMI and alteration of body composition is unclear, but it might reflect radiation-associated muscle mass reduction. Growth hormone deficiency is often observed following radiation therapy to the head, especially among those treated at a young age, 29 and that contributes to changes in body composition (increased abdominal Abbreviation: DXA, dual-energy X-ray absorptiometry. Quantitative data are expressed as mean (s.d.). Radiation dose is expressed as median (range: 1st quartile, 3rd quartile).
Radiation effect on body composition Y Tatsukawa et al adiposity and reduced lean body mass). 30, 31 As in childhood cancer survivors who had received cranial radiation therapy, 29 radiation doses in A-bomb survivors who were exposed in childhood correlate significantly and negatively with growth. 23, 24 Radiation-induced endocrine modifications, especially subclinical growth hormone deficiency, might contribute to modifications in body composition, although radiation doses received by A-bomb survivors were lower than the cranial radiation doses used in the treatment of childhood leukemia (usually 18-24 Gy fractionated). 32 More studies are needed to investigate the mechanisms of radiation-induced alteration of BMI and body composition. Smoking and preexisting diseases such as cancer are associated with decreased BMI, 33,34 but we observed significant negative associations between radiation dose and BMI even when subjects with cancer were excluded from analyses and after controlling for smoking status.
The significant negative relationships between radiation dose and BMI and ALM/H 2 were shown only in men o15 years old ATB, but not in women o15 years old ATB. On the other hand, the significant positive relationship between radiation dose and trunkto-limb fat mass ratio was shown only in women o15 years old ATB, but not in men o15 years old ATB. It is possible that radiation exposure alters BMI and body composition by accelerating the aging process, since we observed a significant , but only in men o15 years old ATB, and a significant positive association between age and trunk-to-limb fat mass ratio in women o15 years old ATB. Sex differences in the aging effect in body composition was observed in several studies, where age change in LM was greater in men than in women, 35, 36 whereas age change in trunk-to-leg fat mass ratio was greater in women than in men. 36 Previous studies, including a longitudinal study of A-bomb survivors, suggest that radiation exposure accelerates aging, 37, 38 and some age-related diseases, such as cardiovascular disease, also increase with radiation dose. 12, 39 In female A-bomb survivors, dose response of radiation exposure on premature menopause was observed. 40 Decreased levels of hormones such as estrogen by aging and menopause are associated with increased fat and risk of sarcopenia. [41] [42] [43] In general, radiation effects were greater among survivors who were exposed at younger ages. 39 Sex difference in the radiation effect on body composition among the younger ATB group could be explained by radiation-related aging, although we were unable to evaluate changes in body composition due to aging in the present study because of its cross-sectional design.
This study had several limitations. First, although lifestyle variables such as diet and physical activity are known to be associated with body composition, we could not consider their effects because we did not have the information. No significant radiation dose response for carbohydrate and fat intake, however, was observed in the 1983-1985 AHS nutrition survey (unpublished data). Second, our data were collected 50 years after the exposure, and many factors could have contributed to changes in body composition during that time. Third, as it is a time-consuming technique, we were able to use DXA only on relatively healthy people. The lower mean dose among examined subjects might imply that the proportion of unexamined subjects among those exposed to higher doses was larger than that of other subjects for reasons of poor health, although concern about exposure to radiation generated by DXA seemed to contribute to refusals to be examined. Such selection bias might have caused an underestimation of radiation effects.
In conclusion, radiation dose was associated with decreased BMI and altered body composition among A-bomb survivors. We will need to conduct further studies with a longitudinal study design to evaluate whether the alterations affected subsequent health condition or diseases. Figure 3 . Radiation dose response for trunk-to-limb fat ratio in women o15 years old ATB. A scatter diagram of trunk-to-limb fat ratio and radiation dose with a regression line fitted for women o15 years old ATB.
